ABSTRACT
INTRODUCTION AND LITERATURE REVIEW
Ground-source heat pump (GSHP) systems with vertical, closed-loop borehole heat exchangers (BHEs) are among the most energy-efficient systems for heating and cooling buildings, when properly designed. A key part in the design process of these systems is the borehole field sizing, performed in such a way that the secondary fluid circulating in the BHEs remains within pre-determined temperature limits over the lifetime of the installation. The long-term changes in secondary fluid temperature are predominantly influenced by heat transfer phenomena in the ground; accurately modelling these phenomena is thus important to reach a proper design. For a given borehole field geometry, a common method to calculate temperature changes over time is to use a Thermal Response Function (TRF) linking the increase in temperature at the borehole wall to a given, constant heat rate and given ground properties.
TRFs and ground heat transfer modelling. Broadly-cited TRFs are Eskilson's g-functions (1987) which are dependent on similarity parameters of the borehole field, namely, which relates the temperature increase at the borehole wall, , to the specific heat injection rate, , and the thermal conductivity, . Eskilson generated g-functions numerically, assuming that all borehole walls in the field have the same temperature, which is additionally uniform with depth. Claesson and Eskilson (1987) furthermore introduced an analytical solution based on uniform heat injection along a Finite-Line-Source (FLS) in a semi-infinite medium, which was later discussed and developed by other authors (Cui et al., 2006; Javed & Claesson, 2011; Lamarche, 2011; Lamarche & Beauchamp, 2007; 2002) . Although convenient for fast computation, the different FLS methods failed to reproduce Eskilson's g-functions for large borehole fields because of the difference in boundary conditions (BCs) applied along the borehole wall between the two models. Although none of these BCs duly represent a real case, g-functions will better represent temperature changes in the borehole field when all boreholes are fed in parallel, as highlighted by Cimmino et al. (2013) . This FLS vs. g-function issue was tackled by several authors who proposed modelling straight (Cimmino & Bernier, 2014) and inclined (Lazzarotto, 2016; Lazzarotto & Björk, 2016) boreholes as stacks of FLS while imposing a uniform temperature BC. Cimmino (2015) coupled such as stack-FLS mode to a quasi-steady-state borehole heat transfer model, thereby moving the BC outside of the boreholes, allowing to impose the same inlet temperature for all boreholes in the field.
Besides , other authors have numerically generated TRFs. A novel approach to numerically model borehole fields using a highly conductive material (HCM) was presented by Monzó et al. (2015) and later improved (Monzó, 2018) . Other numerical models have been developed but are not discussed here.
Experimental and monitoring work. As highlighted in the previous section, many authors have focused on developing analytical and numerical models or methods to predict temperature changes in borehole fields, with the aim to improve the accuracy of GSHP design. However, due to the slow transitory nature of heat transfer phenomena in long boreholes, long-term experimental and monitoring studies have been scarce. This has been emphasized in the literature (Cimmino & Bernier, 2015; Cullin et al., 2015; Montagud et al., 2011; Spitler & Bernier, 2011 , 2016 . Spitler & Bernier (2016) identified the relevance and usefulness of long-term monitoring of thermally unbalanced borehole fields.
Some installations have been monitored over longer periods of 1 to 5 years (Cullin et al., 2015; Montagud, Corberán, Montero, & Urchueguía, 2011; Yavuzturk & Spitler, 2001) although none of the studies has been used to validate ground heat transfer models. In fact, validation of ground heat transfer models in real systems is harden by the long time scale involved. Moreover, uncontrolled or unknown parameters such as groundwater flow, thermal properties or geological conditions may complicate the validation process in real installations. Practical difficulties such as data gaps, unknown control strategies or lack of documentation may also arise. Additionally, uncertainties are hard to assess in operating systems and rarely reported.
An alternative is to perform lab experiments in small-scale physical models. Such laboratory apparatuses are attractive because the time scale is reduced and the tests can be performed in a controlled environment. A lab-scale apparatus was successfully built by Cimmino and Bernier (2015) based on a previous work (Salim Shirazi & Bernier, 2014) . The authors obtained an experimental TRF that could be compared to a semi-analytical method. In the reviewed literature, this is the only attempt to validate ground heat transfer models on the long-term. A discrepancy between the experimental TRF and the analytical one was observed, although the difference is comprised within the measurement uncertainty at a 95% confidence level (Cimmino & Bernier, 2015) . The authors proposed an explanation for this observed difference based on the air temperature variation above the tank, though the proposed correction did not fully succeed in reproducing the observations. The present article proposes another explanation for the difference based on scaling laws and natural convection. Other lab-scale models were constructed although their use was limited to analysis of short-term models or other purposes (Beier et al., 2011; Eslami-nejad & Bernier, 2012; Hellström & Kjellsson, 2000; Kramer et al., 2015) .
This article presents the design process and sizing of a LABS simulating multiple vertical BHEs. The design process is based on an analytical scaling analysis as well as a numerical model which is a modified version of the model presented by Monzó et al. (2015) . Additionally, some technical, practical and uncertainty limitations are used as constraints to determine the different design parameters.
METHODOLOGY
The main goal of this work is to determine adequate dimensions, materials and conditions for the LABS, which was preliminary thought as a vertical cylindrical container filled with a material simulating the ground and in which boreholes are placed at the center as shown in Figure 1 . This figure also includes important parameters to be determined under the design process. The first step in this scaling process is to ensure that the solutions obtained with the LABS will be the same as for the real-scale model. A general analytical analysis of the effect of downscaling on the heat transfer phenomena is thus performed at first. Then, the borehole field to model is chosen, as well as the LABS size and related time scale. A preliminary selection of materials must also be performed before numerical simulations can be performed. Although seemingly sequential, the design procedure has consisted of many iterations and cross-investigations.
Scaling analysis
Some scaling requirements may be obtained analytically by stating the governing equations for the real and labscale cases. Assuming constant and uniform thermal properties, the two heat equations may be written, respectively, as
Note that the apostrophe symbol is be used to refer to the lab-scale parameters and variables. For similar Initial Condition (IC) and Boundary Conditions (BCs), the behavior of the real and lab-scale cases will be the same if the governing equations are the same. By introducing a proportional and isotropous geometrical scaling factor, , a thermal diffusivity scaling factor, , as well as a time scaling factor, , such that
and applying the corresponding change of variables to the first eq. in 1, the latter may be rewritten as
Note that and that an anisotropic scaling would set requirement for an anisotropic material in the LABS, which is difficult to achieve. For similar IC and a set of BCs, the 2 nd eq. in 1 and eq.3 have the same solution if which is equivalent to the invariance of the Fourier number: or . Therefore, as expected, the Fourier number must be conserved, constituting a first scaling requirement. One of the advantages of downscaling becomes clear from the previous eq., as is proportional to , which takes large values ≫ 1 . As previously mentioned, the IC and BCs must also be analogous in order to obtain the same solution in the real and LABS cases. Dirichlet BCs will not be affected by the downscaling as opposed to Neumann and convective BCs. Such BCs may arise at the borehole wall, as well as the bottom and top boundaries. At the borehole wall, a Neumann BC is expressed as Eq.4 also become requirements if the BC applied at the top and bottom of the model are a convective and a Neumann BC, respectively. The appearing in eq.4 implies large increases in the equivalent geothermal heat flux and convection coefficient when downscaling the model ≫ 1 . For instance, a 300 m deep borehole field modelled by a 0.5 m LABS will lead to 600. Assuming a natural convection coefficient of 10 W•m -2 •K -1 on top of a real-scale system, the required convection on top of LABS would be of 6000 W•m -2 •K -1 for equal thermal conductivities. Thus, forced convection will likely be required at the top of the LABS to reproduce the behavior of real-scale installations having natural convection as top BC. Note that radiation is considered to be accounted for in the convection coefficient.
It is later shown that a Neumann BC with a typical natural convection coefficient of 10 W•m -2 •K -1 leads to similar results than a Dirichlet BC in the real-size case but not in the LABS case.
Choice of the borehole field to be modelled and sizing criteria for the LABS Borehole field to be modelled. In order to perform a downscaling, the geometry of the real-scale borehole field must be set. A 4x4 borehole field has been arbitrarily chosen with the intention to observe thermal interactions between boreholes. Since TRFs only depend on non-dimensional geometrical parameters ( * , * and * / ) for a given configuration, only those values need to be chosen in theory. However, for the purpose of the design, a borehole field with the following fixed geometrical parameters is chosen as a starting point for the downscaling process: = 300 m, = 5.75 cm and = 5 m corresponding to * = 1.92·10 -4 , * * = 1.67·10 -2 .
Sizing criteria for the LABS. The sizing of the LABS consists of two parts. The 1 st one is the determination of or, in other words, while the 2 nd part is the determination of the dimensions of the LABS, and . is set as 50 cm, corresponding to = 600, because this leads to a test duration of about a few days, which is what is wanted. The test duration is determined as the time at which the solution approach asymptotic condition (eq.6). A value of 50 cm is also considered a reasonable size for laboratory facilities although it implies reaching a challenging 0.11 mm for , given the parameters chosen in the previous paragraph. This radius issue is discussed later in the paper.
The dimensions of the LABS must be designed so that it fits in laboratory facilities; the maximum allowable size is thus arbitrarily set as 1.8 m in height and width. The size also affects the LABS mass that may be significant. To exactly determine the required dimensions of the LABS for = 600, sizing criteria must be defined. The LABS boundaries should influence as least as possible conduction in the simulating ground over the test duration. Since the main goal of the LABS is to generate and validate TRFs, the sizing criteria may arbitrarily be defined as
where ∆ , is the depth-integral mean of the temperature increase at the borehole wall at the end of the test, , emanating from a reference model with a large domain; thus one in which the boundaries negligibly influence the TRF.
, 95% is the expanded uncertainty of temperature measurement at the borehole wall at a 95% confidence level. The targeted value for , 95% is 0.5 K. The criterion expressed in eq.5 is arbitrary but the aim is to limit the uncertainty in the determination of the TRF. Note that the test duration is chosen for the evaluation of criterion 5 because this is when the boundary effects will be the largest. The following criterion is thus used to determine
Lab-Scale Numerical Model (LSNM) and choice of materials LSNM. To find the LABS dimensions that suit criterion 5, a Lab-Scale Numerical Model (LSNM) is used. A real-scale numerical model is also built to verify the scaling laws found in previous sections. Both numerical models are an adaptation of Monzó et al. (2015) . It is chosen to use a numerical tool instead of an analytical one for flexibility reasons, for instance in the type of BCs applied. Notably, the top and bottom BCs can be shifted between Dirichlet or convective BC, and geothermal heat flux or adiabatic condition, respectively. All vertical boundaries are adiabatic. The LSNM simulates the 4x4 borehole field presented earlier but symmetry is used to reduce the model to a 1/8 of the original domain. Analytical analyses were also undertaken but are not presented here. Simulating ground. The simulating ground refers to the material in the LABS, as opposed to the simulated ground that refers to the real-scale material. The thermal properties of the simulating ground are of primary importance since they directly influence the heat diffusion process in the LABS. Indeed, a larger thermal diffusivity in the model will lead to shorter test durations but the heat plume will reach further away from the boreholes, thereby increasing the required LABS size. A lower thermal conductivity will on the other hand lead to a larger temperature increase that may create some practical problems. Another important feature of the simulating ground is its interchangeability, which is why saturated sand is chosen as simulating ground. The thermal properties assumed for the simulated and simulating ground are as follow: = 3.5 W•m -1 •K -1 , = 1.58•10 -6 m 2 ·s -1 and = 3.0 W•m -1 •K -1 , = 7.00•10 -7 m 2 ·s -1 , respectively (Arkhangelskaya & Lukyashchenko, 2017; Sundberg, 1991; Tarnawski et al., 2011) . The thermal properties of the simulating ground should be well characterized before experiments are to be performed.
Structure and insulation. For practical reasons, steel was chosen as a structural material. Since steel has a relatively high thermal conductivity, the container should be thermally isolated from the ground to avoid thermal disturbances. An insulation layer is thus needed between the steel and the simulating ground. This insulation layer moreover reduces the potential thermal influence from the environing air as well as heat losses. Although not presented here, a 2D steady-state numerical model is used to assess the impact of the insulation thickness on the heat losses. The used thermal conductivity and heat transfer coefficient are of 0.035 W·m -1 ·K -1 and 10 W·m -2 ·K -1 , respectively.
Establishment of initial temperature gradient
The establishment of the initial temperature gradient in the LABS from a uniform ambient temperature may be significantly long as compared to the actual test duration. A LSNM is used to assess the establishment time. The time needed for the establishment of the initial gradient may also be estimated analytically by superposing the solutions for 1D conduction in two semi-infinite solids which intersection corresponds to any vertical cross-section of the LABS. Each semi-infinite solid is applied a constant heat flux on the boundary surface, the heat fluxes being equal in magnitude but of opposite sign for each solid. Taking a reference depth at the mid-depth of the LABS and defining , the temperature increase may be expressed as such, for < 0.2
RESULTS AND DISCUSSIONS

Verifications on the real-scale numerical model
The real-scale numerical model is not validated per say but several verifications have been performed in order to ensure the reliability of the results. In this part, the model has Dirichlet and adiabatic BCs at the top and bottom boundaries, respectively. The first verification regards the steady-state distribution of heat flow between boreholes which is in accordance with that of Cimmino (2015) . The second verification performed is a comparison between the LSNM, the Infinite Line Source (ILS) and Lazzarotto and Björk (2016) . Results from the LSNM are in accordance with those two analytical models (only at early times for the ILS). The largest relative difference between Lazzarotto and Björk and the numerical g-function is of 4.0% at / = -5.5. This difference tends to be reduced when a finer discretization is used for the stacked-FLS model of Lazzarotto and Björk (40 elements are used).
Real-scale numerical model vs LSNM
In order to verify the scaling relations expressed previously, the real-scale numerical model presented in the previous section is compared to a LSNM, with similar geometry but different thermal properties. Note that thermal properties do not affect TRFs but are important in downscaling the BC. = 600 is used leading to = 1.4 m and = 50 cm. Geothermal heat flux is applied to both the real-scale numerical model and the LSNM. Geothermal heat flux means an initial vertical temperature gradient making the determination of the g-function not formally possible. However, a TRF may be defined in a similar way as * , * , * , * . The TRFs obtained for each model are presented in Figure 2 . The maximum absolute relative difference between the TRF obtained with the real-scale model and with the LSNM is of 15% at early times. The difference is lower than 2.6% after / 12, corresponding to 16 hours in the real-scale application. This relative difference shows a decreasing trend as time increases, reaching values as low as 0.05 % towards the simulation end. The LSNM thus give very similar result to the real-scale numerical model on the long-term.
Ground dimension of the LABS
The ground dimension of the LABS is determined according to the criteria given in eq.5-6. A LSNM with the same scaling factor as previously used ( = 600) but of radius and height 5 m is used to generate the reference solution mentioned in eq.5-6. This reference solution is then utilized to determine . It is found that is about 131.8 hours (5.5 days). This corresponds to a non-dimensional logarithmic time, / , of 2.48. LSNMs of different dimensions are then run to find a size matching the criterion expressed in eq.5.
Each model has equal radius and height. The resulting differences in borehole average temperature between the reference solution and the solutions for the different LSNM sizes are shown in Figure 3 . These differences are shown for two different dimensionless times corresponding to the two different colored sets of points in the figure. The limit in criterion 5 is also represented by the black dashed line. The smallest model that satisfies eq.5 has a height and radius of 1 m. This model has an average borehole temperature 0.19 K higher than the reference model at / = 2.48. The difference increases to 0.72 K at / = 4. The sand mass for such a model would be around 4.9 tons. Nevertheless, in the same way as the LSNM domain can be reduced to a 1/8 cylinder by applying symmetry, the LABS size may be reduced as to limit its weight. It is chosen to reduce the LABS to a 1/4 cylinder in order to avoid the physical modelling of half boreholes. The sand mass is then reduced to 1.2 tons.
Challenges with the borehole radius
A problem arising from the chosen scale factor ( = 600) is that the borehole radius becomes very small in the LABS: indeed turns out as 0.2 mm, which is challenging to reproduce in a physical model. As the results are scale-independent, one could decrease in order to increase the borehole radius. This would however lead to unrealistic dimensions for the LABS: a borehole radius of 2 mm would for instance mean a LABS of 10 m in radius and height. This issue could be bypassed by considering that the LABS simulates shorter boreholes, thereby reducing . The limits of this method may, however, be noted as the increase in borehole radius is directly proportional to the reduction in borehole depth; a 2 mm borehole radius in the LABS would then limit the simulated real-scale borehole depth to about 30 m. Another method is to use a correction factor such as the one suggested by which is derived by assuming steady-state radial conduction between the two radii. This approximation may be valid for small differences in radius but axial effects may become important for larger ones, leading to underestimated values of the TRF for large times. On the contrary, the correction will lead to overestimated values of the TRF for short times, when the quasi-steady-state regime has not yet been established between the two considered radii. These two features can be observed in Figure 4 that shows the numerically-generated TRF for three different * in graph (a), while graph (b) shows the same TRF corrected with eq.8. Note that a more accurate correction factor could be derived from analytical or numerical analysis but this is left to a later stage of the project. Anyhow, experimentally-obtained TRF for a given * would allow the determination of other TRF corresponding to different * values.
Influence of the top convective BC
As noted in previous sections, the convection heat transfer coefficient, , at the top boundary layer must be scaled up when downscaling the borehole field. Values of around 10 W·m -2 ·K -1 can be expected at the top of real size borehole fields, corresponding to a of 5142 W·m -2 ·K -1 given the chosen scale factor and thermal conductivities. The latter value is challenging to achieve; hence, the influence of and, thus, , is evaluated using the LSNM in order to assess the possible deviations in TRF for lower , namely 514.2, 51.42 and 5.142 W·m -2 ·K -1 corresponding to of 1, 0.1 and 0.01 W·m -2 ·K -1 . Note that the ambient temperature is set as 0°C.
The resulting TRFs are shown in Figure 5 together with the TRF obtained for constant temperature BC at the top. As could be expected, decreasing leads to increasing TRF values. At ln / = 4, relative differences with the TRF generated with constant temperature BC are of 0.4%, 3.1%, 15.4% and 54.2% for of 5142, 514.2, 51.42 and 5.142 W·m -2 ·K -1 , respectively. It may be observed that a of 10 W·m -2 ·K -1 in a real size borehole field ( = 5142 W·m -2 ·K -1 in the LABS) leads to an almost identical TRF than with the constant temperature BC. A , of 514.2 W·m -2 ·K -1 leads to a reasonable error while being easier to achieve than 5142 W·m -2 ·K -1 . A value of 514.2 W·m -2 ·K -1 , or higher, can be reached by circulating constant temperature water in micro-channels or by using a phase-change material (Kim et al., 2017) . Note that the diverging TRF for = 5.142 W·m -2 ·K -1 is due to the finite size of the LSNM, the adiabatic BC on the sides and the close-to-adiabatic BC at the top.
As previously noted, the top BC appears to have been left uncontrolled in Cimmino and Bernier (2015) , entailing natural convection on the surface. In those conditions, one may expect values between 1 to 6 W·m -2 ·K -1 . Considering radiation, heat transfer coefficients could go up to 15 W·m -2 ·K -1 (Bergman et al., 2011) . A LSNM reproducing as faithfully as possible the conditions reported by Cimmino and Bernier (2015) is made using values of of 1 and 10 W·m -2 ·K -1 , as well as a Dirichlet BC on top. The results are shown in Figure 6 which also displays results for = 10 W·m -2 ·K -1 and borehole radii changing by ± 0.5 mm due to the uncertainty on the actual borehole radius used during the tests. A convection coefficient of 10 W·m -2 ·K -1 seems to reproduce fairly well the behavior observed during their test with differences of 3.5% and 1.1% at the first and last reported time points, respectively. This could thus be one of the reasons for the observed discrepancy between the experimental and analytical results in Cimmino and Bernier (2015) .
Heat losses and establishment of initial temperature gradient
Heat losses through vertical plates. Heat losses through the side of the LABS have so far been disregarded but it is important to limit those losses as much as possible to improve accuracy. A 2D steady-state model of the LABS corner is used with the radial temperature from the LSNM at 0.5 m depth and / = 4.4 as the inner BC and a heat transfer coefficient of 10 W.m -2 .K -1 as outer BC. The maximum relative heat loss is found to be 8.2% and 3.8% for 5 cm and 10 cm insulation thickness, respectively, as compared to the heat injected in the LABS. Although this calculation represents a worst-case scenario, the losses are relatively high. This could be improved by adding insulation on the outer part of the metallic structure as well as reducing the radiation losses using a low-emissivity layer. The corner of the LABS should be particularly well-insulated as the temperature there will be higher and the heat losses will moreover directly affect the thermal response because of the direct proximity with the boreholes.
Establishment of initial temperature gradient. Using the analytical model described previously, it is found that the steady-state condition is reached after about 70 hours. This, however, corresponds to an ideal situation in which an extraction heat flux of same magnitude as the geothermal heat flux can be maintained at the surface. A numerical simulation shows that the time for establishment of the initial temperature gradient keeping a constant temperature at the top BC could be as long as 30 days. Hence, the establishment of the initial temperature gradient may be a timeconsuming process that ought to be optimized to reduce test duration. Similarly, the recovery period -not studied here -could be optimized to avoid long waiting time between tests. 
CONCLUSION
The dimensioning of LAboratory-scale Borehole Storage (LABS)with 4x4 boreholes was investigated in this study; first by deriving scaling laws from an analytical analysis and then through the use of a numerical model. The analytical analysis shows that the invariance of the Fourier number is a requirement and that Neumann or convective boundary conditions (BC) are scaled up proportionally to the geometrical scaling factor, when downscaling. This BC scale-up is notably proposed as a possible explanation for the observed discrepancy between experimental and analytical results in Cimmino and Bernier (2015) . A numerical reproduction of their experiment indeed shows a good agreement with their test results when natural convection is accounted for: the relative difference in Thermal Response Functions (TRFs) is of 1.1% at the last reported time.
It is found that, for the considered LABS, natural convection as top BC leads to TRF values at least 15% higher than those obtained with a Dirichlet BC. Therefore, forced convection or PCM must be used on the top BC to accurately reproduce real-scale TRFs.
The geometrical downscaling factor is fixed as 600, leading to scaled borehole depth of 50 cm and a test duration of about 5.5 days. For this configuration, a radius and height of both 1.0 m are found to be appropriate dimensions for the LABS, which is assumed of cylindrical shape. For these dimensions, the borehole temperature increase induced by boundary effects is indeed less than 0.25 K, which is half the expected uncertainty of temperature measurements. Symmetry is used to reduce the LABS to a ¼ cylinder, thereby reducing its weight to 1.2 instead of 4.9 tonnes.
The scaling laws found through the analytical analysis are confirmed through numerically modelling real-scale and laboratory scale borehole fields. The relative differences in TRFs between the two models is lower than 2.6%.
As small borehole aspect ratios are challenging to reproduce in a LABS, the effect of the borehole radius on TRFs is numerically investigated and it is found that Eskilson's radius correction (1987) is not fully satisfactory. A new correction method based on analytical or numerical analysis must be undertaken.
Heat losses as high as 8.2% of the total injected power are found to possibly occur towards the end of the tests, even with 5 cm insulation. This stresses the need for a larger insulation layer and/or the use of a low-emissivity layer on the outer shell of the LABS. The time needed for the establishment of the temperature gradient in the LABS is found to be at least 70 hours and may be as long as a month. The LABS should be optimized so that this duration and the time needed for recovery are as short as possible.
Future work includes the prediction and minimization of uncertainties, design of the measurement system and the system to implement on top of the LABS, testing of the simulating sand, as well as the construction of the LABS. 
